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Abstract

A thermodynamic model was developed for representing vapor-liquid equilibria of the CO»-
H.S-MEA-MDEA-water sysem. The modd accounts for chemicd equilibria in the liquid phase
and physica equilibria between the liquid and vepor phases.  Activity coefficients are
represented by the Electrolytee UNIQUAC equation. The present extenson uses an ion-pair
interaction gpproach and satisfies both the principles of like-ion repulson and locd
eectroneutraity.  Contributions from long-range ion-ion interactions are represented by a
Debye- Huckel formula suitable for mixed solvents, water and dkanolamines  Adjustable
parameters of the Electrolyte UNIQUAC equation, representing short-range binary interactions,
were determined by data regresson using binary, ternary, and quaternary sysem VLE daa
Predicted H,S and CO, vapor pressures are n good agreement with the reported experimenta
data for agueous solutions of a single acid gas as wdl as mixtures of HS and CO; in MEA and
MDEA and their mixtures in the temperature range 25 to 120°C.
Keywords: hydrogen sulfide, carbon dioxide, alkanolamines, vapor liquid equilibria,

Electrolyte UNIQUAC model



Introduction

The remova of CO, and H,S from gas streams is an important operation in the naturd gas
and synthetic ammonia industries, oil refineries, and petrochemica plants.  Absorption/stripping
with agueous solutions of akanolamines is the mgor indudria technology that has been
developed since the 1930's (Kohl and Nidson, 1997). Desgn of gas treating processes with
adkanolamine-based agueous solvents requires knowledge of the vapor-liquid equilibria (VLE) of
the CO,-H,S-dkanolamine-water sysem. A large body of experimenta VLE daia has been
reported in the literature. Representation of these data with a suitable thermodynamic mode is
required. An accurate model is essentid for process smulation and design of gas tresting
operations.

Ealy thermodynamic models adopted empirica approaches that did not account for physica
interactions. Kent and Eisenberg [1] proposed a modd that neglects activity coefficients and
uses gpparent equilibrium condants in the equaions of chemicd equilibria Deshmukh and
Mather [2] developed a more rigorous thermodynamic model. Except for water, al activity
coefficients were cdculated usng the Guggenhem equation. Weiland and coworkers [3]
provided vaues for the interection parameters of the modd for most of the commercidly
important amine systems. Later, a smilar mode was proposed by Li and Mather [4]. The
Guggenheim equation was replaced by the wdl-known Pitzer modd to caculate the adtivity
coefficients.

Ausigen et da. [56] treated the amine-water sysem as a mixed solvent of variadle
compodtion.  Activity coefficients are represented with the dectrolyte-NRTL modd [7,8]

tresting both long-range dectrogatic interactions and short-range binary interactions.  Adjustable



parameters of the model, representing short-range binary interactions, were provided for severd
commercialy important amine systems.

The objective of the present work is to develop a thermodynamicaly rigorous VLE modd
that represents CO, and/or H,S solubility data reported in the literature for agueous solutions of
MEA, MDEA, and mixtures of MEA and MDEA, in order thet it could be used with confidence
to cdculate the equilibrium digribution of species, molecular and ionic, in the highly nonided
liguid phase. This would meke the equilibrium modd ussful in the context of a rate-based
modd for speciation of the bulk liquid phase.

An Extended UNIQUAC Model for the Excess Gibbs Energy of Electrolyte Systems

The approach taken assumes that the excess Gibbs energy of edectrolyte systems can be
consdered as the sum of two terms, one related to long-range forces between ions and the other
to short-range forces between al species. The Debye-Huckel formulais used to represent the
contribution from long-range iorrion interactions while the UNIQUAC equation is adopted to
compute the contribution from short-range interactions of al kinds. The CO,-H,S-dkanolamine-
water sysem is comprised of molecules and ions, which differ gpprecidbly in both sze and
shape. Unlike other local composition modes, the UNIQUAC mode has the digtinct advantage
of giving condderation to molecular sze and shape through sructurd parameters. Crigtensen et
a. [9] and Sander et d. [10] were the first to use a modified UNIQUAC mode for eectrolyte
gysgems. In reformulating the UNIQUAC equation, they adopted Chen's like ion repulson
assumption, but chose not to adopt the concept of locd eectroneutraity. This formulation
results in adjustable energy parameters of the modd that are ionspecific, unlike the parameters
of Chen's ElectrolyteeNRTL modd, which are ion-par-specific.  In the present work it is

assumed that short range interactions occur between ion pars with surface area fractions



randomly didributed relative to those of the individud ions resulting in ionpar Specific
interaction parameters. This greatly smplifies the resulting activity coefficient expressons,
relative to the NRTL eectroneutrdity modd, yet avoids the excessve number of parameters of
the ion gpecific UNIQUAC mode. Expressons for the dectrolyte UNIQUAC activity
coefficients of the various species in the liquid phase ae needed. These expressons are readily
avallable [10] and reported dsawhere [11]. The activity coefficients of the various components
in the dectrolyte sysem due to short-range and long-range contributions are caculated as
follows

(i) For asolvent component »,

Ing, =Ing?" +Ing¢ +Ing~® (1)

(if) For amolecular solute m,
Ing,, =Ing® +Ing,:€ +Ing’; ¥ )

(i) For anionic component i,
Ing; =Ing; " +Ing; < +Ing; " )

A Thermodynamic Framework for Calculating Vapor Liquid Equilibria for the CO,-H,S-

MEA-MDEA-Water System

The CO; and H,S from the gas phase that dissolve into the liquid reect partidly with the
amines to produce a number of ionic species. lonic species are treated as nonvolatile and the
vapor pressures of amines are assumed negligible in the temperature range under consideration.
The following equilibrium reactions exit in solution:

() lonization of water:
Kw

2 H,0 HsO' + OH

(4)



(i) Dissociation of carbon dioxide:

KCO, i .
CO, + 2H,O = HCO3 + H30
(iii) Dissociation of bicarbonate: ]
KHCOs .
HCO; + HLO =—= H3;0 + COj3
(iv) Dissociation of hydrogen sulfide:
KH,S .
st + Hzo _— H30 + HS
(v) Disociation of bisulfide: )
KHS R B
HXO + H§ = HO + S
(vi) Dissociation of protonated MEA: K
b,
RNH3" + H,O RNH, + HzO'
(vii) Dissociation of protonated MDEA.:
N KbMDEA . +
RRR'NH "~ + H,O RRR'N + H30

(viii) MEA carbamate reversion to bicarbonate:
] Kcrem
RNHCOO + H,O

RNH, + HCOs

From these reactions, the following equilibrium relations can be written:

* *
0t Yo 9n,0t Yomr

Ky = > >
XH,0 9h,0
Ko = *H,0* Yoy IH.0* IHeo;
COo, =~ 2 2 *
XH,0*co, 9H,09co,
* *
_ *h,0* *coy Yn0* Yco;
KHCO'3 - *
*H20 *Heo, 9H,0 9pco;
* *
Ko o= *H,0* *Hs 9H0* IHs
H,S =

*

Q)

(6)

()

(8)

©)

(10)

(11)

(12)

(13)

(15)

(15)



* *
X, v+ Xoo Oy ~r O
H,O" 7S HO" ¥S
Ky = — S (16)
HS X X
H,0 *yg gHZOgHs-

*
_ *H0* *RNH, 9 o 9RNH,
Kpnvea = - 5 (17)
H20 *RNH; gHzOgRNHg+

*
Thot *RRER® 9y o+ IRRRWN 18)

KympEA = . . ¥
H20 *RR&RIHT 9H,0 I rreanH*

*
oo 9} O
HCo; “RNH; HCo; 2 RNH,
Kcrem = 2 (19)
*H20 *rnHcoor 9H,0 9 RrNHCOO

Expressons for these congtants as function of temperature were taken from Austgen et d. [5,6].
Activity coefficients of al gspecies are assumed to be independent of pressure. Dielectric
congants of the amine solvents are obtained from Ausigen et d. [5]. Combining MEA, MDEA,
CO,, H2S, and H,O mass badances, with the eectroneutrdity condition, the mole fraction
summation equation and the equations above results in a set of 15 nonlinear equations in 15
unknowns, the mole fractions of the various species in the liquid phase, ionic and molecular, and
theratio ny / ny.

For the molecular solutes, CO, and H,S, physical equilibrium is expressed by

—¥
. * S v (P' PS)
Vi P = %, 1 exp—t (20)

where H ,(f y,svv) is Henry’s congtant at the system temperature and the saturation pressure of water,
P is the system pressure, By is the vapor pressure of pure liquid water a the system temperature

T, and V,f,w isthe partid mola volume of the molecular solute m at infinite dilution in water.

For water, vapor-liquid equilibria may be expressed by



vi(P- B3)

RT (21)

YH,0) H,0 P = X1,09H,0] w P €XP

In this equation, j 3, is the fugacity coefficient of saturated weter at the system temperature and

v\fv Isthe molar volume of pure liquid water at the system temperature.

The corrdaion of Brevi and O'Connell [12] was used to estimate the partid molar volumes
of CO, and H,S a infinite dilution in water. Molar volumes and vapor pressures of pure water
were obtained from a polynomia fit to data from the steam tables. The vapor-phase fugacity
coefficients in Eqs. 20 and 21 were cdculated by using the Redlich-Kwong-Soave equation of
date. All vaues used in the mode are reported in Kaewsichan [11].

Interaction Parameters
For the CO,-H,S-MEA-MDEA-water system there are three solvent species, two molecular

solutes, and 9 ionic species. The following are the ion pairs present in our sysem at significant
levds RNH3 RNHCOO™, RNH3 HCO3, RNH3 HS, RR'R"H" HCO3, RRR"H" HS, and
RR'R"H" RNHCOO'. For other ion pairs the concentrations of HO*, OH", CO3™, and S” ions are
0 gmdl tha ion pairs associated with these species may be neglected. In forming ion pairs it is

assumed that the anions will randomly distribute around a cetion and vice versa. This results in

the following surface area fraction of an ion pair:

X Z,X
— crc ata
anCZCa - qa [ + qc o (22)
a Zexe a Za' Xy
C a

[o] [o] . . . .
where g and @ mean summation over dl cations and anions, respectively.

C a

The surface area parameter of an ion pair, q:, is reedily caculated from the following

cz.a?

ample relation:



9zcz,a = Za9c ¥ Zc4a (23)

The resdud activity coefficients of the molecular components and the ion pars are readily
caculated usng this approach from Equation 21.

The resdud activity coefficients of the ions are rdaed to the resdud activity coefficients of

the corresponding ion pairs viathe relation:

* V4 * z *
Ing’® =_—2a¢ |ng®+ < _Ing,® (24)
z,CZ.a 7 4z ¢
a c

To accomplish a solution to Eq. (24), it is reasonable to assume for each ion par that gf;R is
equa to g, . Thisgives

2 Ing ®

z,0z.a

= Ing.* = Ing, " (25)

Equation (25) represents the relaionship between the activity coefficient of an ion par and those

of theindividud ions. Combining these results to obtain the ionic activity coefficients:

(ng:")=3 aqq— infa: ) (26)
(ing;)= 8 | groe—| nfoi"), @

where the angular brackets imply average.
Data Regression: Determination of Interaction Parameters

The adjustable parameters were determined by data regresson using the ODRPACK data
maximum likdihood regresson sysem [13]. Molecue-molecule binary parameters were firg

adjusted on experimentd binary system data reported in the literature. Best vaues of molecule-



ion par and ionpar molecule interaction parameters were then determined by fixing molecule-
molecule parameters at previoudy edimated vaues and fitting molecule-ion pair parameters on
ternary system daa reported in the literature.  Similarly, ion pair-ion par interaction parameters
were next determined by fixing molecule-molecule and molecule-ion par parameters  at
previoudy edimated vaues and fitting ion par-ion par parameters on quaternary System data
All interaction parameters were assumed to be temperature dependent and were fitted to one of

the following functions of temperature:
b
t =a+? ora +cT (28)

Results and Discussion

Vdues of the t ‘s obtaned from the fitting are presented in Table 1. The parameters for
protonated amine bicarbonate or carbamate were obtained from CO, pressure versus loading in
the gppropriate amine, while those for the protonated amine bisulfide were obtained from H,S
pressure versus loading. Parameters between bisulfide and bicarbonate or carbamate ion pairs
were obtained from data where both acid gases were present. Parameters between MEA and
MDEA sdts or molecules were obtained from data for CO, and mixed amine solutions.
Unfortunatdy no data exis for H,S and mixed amines, and as a result the remaning ion pair
parameters could not be determined.

Figure 1 shows the ratio of the experimentd to the predicted vaues for the equilibrium H.S
partid pressure versus the H,S loading (moles of H,S per mole of amine) for MEA solutions.
Figure 2 is a amilar plot showing the ratio of the experimenta to predicted HS loading. Figure 3
is a comparison of modd predictions versus experimental results for H,S vapor pressure versus
loading for a typicd MEA moldity a various temperatures. Figure 4 presents a smilar result for

CO, vapor pressure versus loading for an MEA moldity, while Figure 5 shows smilar results for



CO, over MDEA solutions. Figure 6 shows a typical result for sysems where two acid gases are
present, comparing predicted versus experimental H,S vapor pressures over aqueous MDEA
solutions. Figure 7 shows a comparison of CO, vepor pressure versus loading for severd
aqueous mixtures of MEA + MDEA. In most cases the agreement is fairly good. Deviations
occur primarily in the very low loading region where there is very sSgnificant scetter in the
experimentd data Also, in a number of indances data at low loading are not avalable. Findly
figures 8 and 9 illusraie how the caculaed mole fractions and activity coefficients of dl
components vary with loading for these solutions.

Reaults presented above indicate that the dectrolyte UNIQUAC modd, using ion-pair
interactions, is able to adequately represent the phase equilibrium data for the CO,-H,S-MEA-
MDEA agueous system. The ion-pair interaction approach results in a modd with fewer required
interaction parameters than the ion-specific modd, yet is dgebracdly much smpler than the
loca-dectroneutrdity assumption used in the eectrolyte-NRTL modd.
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Table 1. Binary Interaction Parameters of CO»-H,S-MEA-MDEA-Water System,

Fortij=a;+ /T ora;+c; T, Tistemperaturein degree Kelvin

Binary Components, i,j aj bij or cij & bjior g,
H,O-MEA 40.16 -39493.26 /T -202.45 3594.63 /T
H.O-MDEA 714.14 -293T -2477.48 756 T
H,O-CO» -10926.25  -3274442.31UT -554.08 166018.51/T
H,O-H,S 545.80 -176181.73/T -172.304 88077.51UT
H,O-MEAH" HCO3 148.46 .000348 /T 91.06 001963 /T
MEA-MEAH" HCO5 .007451 0 87703 0
MEA-MEAH' MEACOO -21.51 0 .000027 0
H,O-MEAH", MEACOO 2.87 -.000121/ T 233.19 -.000123/ T
H,O-MEAH' HS 1600.5 -321300/ T -904.2 170200/ T
MEA-MEAH' HS 775.2 —261800/ T -704.7 209400/ T
H,S-MEAH', HS 4458.1 -1378000/ T 26000 1000/ T
H,O-MDEAH",HCOs’ 4060.9 -1361 T 152.13 79T
MDEA-MDEAH",HCO3 -2592.34 9.13T -1.27 160T
CO,-MDEAH' HCO3 138.49 -1.38T -4.68 134T
MDEA-CO» -1127.43 026 T 2827.4 445T
H,O-MDEAH" HS 15994.24 -5186T 1403.76 -501T
MDEA-MDEAH" HS 2182.86 -0.0025 T 42.32 -0.0006 T
H,S-MDEAH" HS 47.44 -0.009 T 87.0 -1781T
MDEA-H,S -1152.76 0.0004 T 33105 -0.002 T
MEAH",HCOs-MEAH' HS 2101.21 9997/ T 0 1952/ T
MEAH" HS -MEAH",CRBM" 0 -221.341 T 0 0
H.S-MDEAH" HCO3’ 75.985 0 -19.738 0
MDEAH",HCO3z- MDEAH" HS 89.136 0 -15.267 05T
MEA-MDEA 351.23 -3571T -16241.1 5255T
MEA-MDEAH",HCOs 123.46 -1250T 114.5 0
MEAH+ HCO3 -MDEAH",MEACOO" -51.23 0 153.45 24056 T

MDEAH",HCO3 -MEAH",HCO3’ 13671.27 96.65 T 51.254 0




Figure Captions:

Figure 1. Comparison of predicted and reported experimenta vaues of H,S equilibrium partid

pressure over aqueous MEA solutions, - - [14],0, " - [15], & - [16].

Figure 2. Comparison of predicted and reported experimental H,S loading over

aqueous MEA solutions, - - [14],0, " - [15], a- [16].

Figure 3. Comparison of modd predictions (solid curves) with experimenta data for H.S
equilibrium partid pressure over 25 M MEA solution, -, A, 0, v, ,4,-[14], A, = &-[15].

Figure 4. Comparison of modd predictions (solid curves) with experimentd data for CO;
equilibrium partia pressure over 5,0 M MEA solution, = - [16], -, 0- [17], ¢, A, A-[18].

Figure 5. Comparison of modd predictions (solid curves) with experimentad data for CO,
equilibrium partid pressure over 23 wt% MDEA solution, & - [6], -, A, =, ¢ - [19], A,0, ,V
- [16] .

Figure 6. Comparison of predicted and reported experimenta vaues of H,S equilibrium partid
pressure over agueous MDEA solutions, o - [20], - [21].

Figure 7. Comparison of mode predictions (curves) with experimenta data for CO, equilibrium
partia pressure over 30 wt % MEA-MDEA aqueous mixtures, - - 12 wt. % MEA, 100 ° C, o -
24 wt. % MEA, 100° C, A - 6wt. %,60° C, A - 18wt. % MEA, 40° C[22] .

Figure 8. Liquid-phase compositions of amixed amine solution loaded with CO; at 40°C.

Figure 9. Activity codfficients of the various species in a mixed amines solution loaded with

COy at 40°C.
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